to-volume ratios, afford further routes for the design of responsive materials. Functionalized ligands can be placed on the surface of gold or cadmium selenide nanoparticles. Such functional particles can be tethered to the base of the nanopores in thin-film arrays made from diblock copolymer templates. The conformation of the tethering chains will depend on the local solvent environment. Changing the pH, temperature, or solvent quality within the pores causes the chain to stretch or compress, allowing the nanoparticles to move up and down in the pores, exposing or hiding the interacting sites on the nanoparticles and trapping or repelling foreign materials approaching the surface.
Vesicles are microscopic sacs that enclose a volume with a molecularly thin membrane. The membranes are generally self-directed assemblies of amphiphilic molecules with a dual hydrophilic-hydrophobic character. Biological amphiphiles form vesicles central to cell function and are principally lipids of molecular weight less than 1 kilodalton. Block copolymers that mimic lipid amphiphilicity can also self-assemble into vesicles in dilute solution, but polymer molecular weights can be orders of magnitude greater than those of lipids. Structural features of vesicles, as well as properties including stability, fluidity, and intermembrane dynamics, are greatly influenced by characteristics of the polymers. Future applications of polymer vesicles will rely on exploiting unique property-performance relations, but results to date already underscore the fact that biologically derived vesicles are but a small subset of what is physically and chemically possible.
Vesicles and biomembranes have existed since the first cells and play critical roles in compartmentalization functions as varied as nutrient transport and DNA protection (1) . Whereas phospholipids are the natural amphiphiles of cell membranes, vesicle-forming materials used in products ranging from cosmetics to anticancer agents can be synthetic as well as biological [e.g., (2) ]. When suitably mixed in water or similar solvents, the oily parts of the amphiphiles tend to associate while the more hydrophilic parts face inner and outer solutions, helping to delimit the two interfaces of the membrane (Fig. 1A) . Despite the molecularly thin nature of these membranes, the vesicles that form by the relatively weak solvent-associated forces can effectively entrap dissolved compounds and can also accumulate, within the membrane cores, hydrophobic or fatty substances. Several skin-rejuvenating products, for example, not only encapsulate the water-soluble antioxidant vitamin C within lipid vesicles but also dissolve skin-healing vitamin E within the cores. Aggregation of more than 100,000 small amphiphiles such as lipids (with molecular weight MW Ͻ 1 kD) into the molecularly thin membranes also manifests itself in a dynamic, physical softness (1) . As a consequence, many lipid vesicle properties such as encapsulant retention, membrane stability, and degradation are not particularly well controlled.
A polymer approach to vesicle formation-as summarized in this review-broadens the range of properties achievable through a widened choice of amphiphile MW and chemistry. To be clear, the systems reviewed are not polymerized vesicles in which amphiphiles are polymerized or cross-linked after vesicle formation; such an approach has generally started with lipid-size, reactive amphiphiles, and (if successful) generates membranes of the same basic architecture as lipid bilayers (3, 4) . Instead, the focus here is on linear polymers with the intrinsic ability to self-direct their own assembly into membranes. Being lipid-like only in the latter sense, vesicle-forming polymers offer fundamental insight into natural design principles for biomembranes.
From archaebacteria to humans, cell membranes are self-assemblies of lipids (Fig.  1A, a) as well as integrated and peripheral membrane proteins (i.e., large and structured biopolymers). Since Bangham's 1960s description of lipid vesicles or "liposomes" (5), extraction and reconstitution of many such biomembrane systems has led to fundamental as well as technological advances. One example of note is the formation of HIV-like "virosomes" that have been made by integrating the cell-binding HIV protein gp160 into liposomes (6) . A number of highly diverse synthetic systems have also been inspired, starting with 1970s "niosomes" (7) made from nonionic amphiphiles similar in size to lipids. From polyethylene glycol (PEG)-modified lipids in the 1980s (2) to more recent vesicle-forming species, the solutiondependent surfactant or amphiphilic character of the molecules stands out as having a dominant role in vesicle formation. Examples include a fullerene-based surfactant (8) , amphiphilic dendrimers (9), charge-balancing mixtures of cationic and anionic surfactants [e.g., (10) ], and various amphiphilic block copolymers (e.g., Fig. 1A, b to d) .
Block copolymers have the same basic architecture as lipids but consist of distinct polymer chains covalently linked in a series of two or more segments (11) (12) (13) . In the absence of any solvent, block copolymers are known to display a wide range of ordered morphologies, including lamellar phases with the same symmetry as a stack of paper. The transition to phases such as the lamellar phase from an isotropically disordered state depends on at least three key parameters of the block copolymers: the overall average MW of the polymer, the mass or volume fraction f of each block, and the effective interaction energy ε between monomers in the blocks. These parameters remain key as solvent is added and block copolymer nanostructures swell, rearrange, and transform as lyotropic phases (14, 15) . A principal goal of this review is to illustrate how the same molecular properties enter into the formation and emergent properties of block copolymer vesicles in the highly dilute limit.
Vesicles and Micelles As Self-Directed Assemblies
Although swollen lamellar phases can be considered antecedent to diluted vesicles (with a portion of each lamellar sheet becoming a closed encapsulating membrane, as illustrated below), vesicles are also closely related to rod-like and spherical micelle morphologies in that all are solvent-dependent, self-directed assemblies (Fig. 1, B and C) . Micelles have been widely reported for many lipid-size surfactants (16) as well as much larger polymeric superamphiphiles (14, 15, 17) . However, micelles strictly lack the shelllike character and encapsulated bulk solution phase of a vesicle.
For a simple amphiphile like a lipid or a diblock copolymer in an aqueous solution, a time-average molecular shape in the form of a cylinder, wedge, or cone dictates whether membrane, rod-like, or spherical morphologies will respectively form (16) . This average molecular shape is most simply a reflection of the hydrophilic-to-hydrophobic ratio f. Illustrative of such geometric forces at work is the behavior of lipids when conjugated at the hydrophilic "head" group with PEG chains (equivalent to polyethylene oxide, PEO).
As a fluctuating and hydrated polymer, the typical PEG used [MW ϳ 2 to 5 kD (2)] leads to a conically shaped amphiphile distinct in form from cylindrically shaped phospholipids. Consequently, phospholipid membranes mixed with sufficient concentrations of PEGlipid tend to generate the highly curved micelles of Fig. 1 , B and C (18) . Despite a membrane-disruptive tendency of PEG-lipid at high concentration, 5 to 10% of it in a liposome appears both compatible with vesicle morphology and technologically useful. Indeed, "stealth" liposomes formed with PEG-lipid and injected into the bloodstream have been found to be cleared more slowly from the blood circulation than conventional liposomes (2) . As a result of this extended circulation time, stealth vesicles loaded with anticancer drugs (e.g., doxorubicin) circulate long enough to find their way into well-hidden tumors. This may work because blood plasma proteins, which generically adsorb to artificial surfaces and mediate clearance by immune system cells, are sterically delayed in deposition either into or onto the "stealth" membranes by the PEG chains (19) .
Solvent, Size, Energetics, and Fluidity
In organic solvents and multicomponent solutions as complex as blood plasma, transitions between aggregate morphologies as well as aggregate fluidity and stability are governed by chain MW, interfacial tensions, and/or selective interactions with one preferred (24); (c) PS-poly(isocyano-L-alanine-L-alanine), which makes vesicles in coexistence with rods under acidic conditions (30) ; and (d) a molecular weight series of nonionic polyethyleneoxide-polybutadiene (PEO-PBD), which makes robust vesicles in pure aqueous solutions (31) (32) (33) (34) (35) (36) (37) (38) . In these physical representations of amphiphile structure, gray is hydrocarbon, red is oxygen, blue is nitrogen, and yellow is phosphorus. Detailed chemical structures are given in the references; note that the numbers of monomer units indicated for the block copolymers are just average numbers. As sketched in cross section, a vesicle membrane can be a bilayer with a well-defined midplane, as is typical of phospholipid membranes, or it can be a more interdigitated structure. Polydispersity in molecular size that is intrinsic to polymer amphiphiles would tend to give a more intermediate membrane structure. (B and C) A worm-or rod-like micelle and a spherical micelle, respectively, formed from block copolymers and related amphiphiles.
fraction of the amphiphile (20) . Phospholipids segregate and form vesicles in many aqueous solutions, for example, but they fail to do so in solvents that are blind to their amphiphilicity (e.g., chloroform). Solubility also depends in general on chain MW, which suggests that novel vesicles can also be made by aggregation of weakly hydrophobic polymers.
Lipids and small amphiphiles can differ considerably in their hydrophilic head group, but they almost always contain one or two strongly hydrophobic chains composed of multiple ethylene units (-CH 2 -CH 2 -) n (with n ϭ 5 to 18 typically). A simple measure of vesicle stability is provided by the critical micelle concentration C CMC ϳ exp(-nε h /k B T), where k B T is the thermal energy and ε h is the monomer's effective interaction energy with the bulk solution. Only at surfactant concentrations above C CMC do aggregates such as vesicles form. For ethylene groups at biological T biol , ε h Ϸ 1 to 2 k B T biol (ϳ4 to 8 pN⅐nm) so that values of C CMC for lipids and related amphiphiles in aqueous solutions range from micromolar to picomolar (i.e., aggregates are stable in high dilution). Amphiphile exchange rates between aggregates are also generally proportional to C CMC , with characteristic exchange times for phospholipids estimated in hours. Polymer amphiphiles with hydrophobic MW h larger than those typical of lipids by an order of magnitude or more result in kinetic quenching and metastable aggregates. Such effects motivate investigations of cosolvents that fluidize and activate the polymer systems (e.g., by reducing ε h ).
Many responses of the assembled aggregates are predicated not on n or MW but on the most interfacial hydrophobic monomers, because these monomers see both head group moieties and bulk solution. As a result, interfacial monomers typically have screened interface energies ε I Յ ε h . Thus, on the scale of the monomer area a (ϳ0.5 nm 2 for lipid in water), the interfacial tension that is created has a mag-
, which is invariably much less than the ϳ70 mN/m between water and air. This tension is balanced by fluid-like packing interactions (21) and suggests that vesicle formation processes as well as vesicle shapeslike the varied shapes of cells (1)-are generally influenced by hydrodynamic-type forces such as mechanical shear. Entangled and glassy polymers can be expected, however, to slow down lateral or in-plane rearrangements of molecules (i.e., convection and diffusion) and thereby impede morphological responses of polymer vesicles.
Despite the potential for nonequilibrium flow effects, a molecular-scale force balance is also expected to underlie the basic stability of a curved, vesicular aggregate, just as domed buildings must balance their internal stresses in defying collapse under gravity. In place of gravity, however, osmotic pressure (allowed by a vesicle's semipermeable membrane) largely dictates vesicle volume up to the point of actually tensing the vesicle's membrane (21) . Assuming no osmotically induced tension and a simple spherical vesicle of radius R, the local curvature nonetheless leads to a slight molecular splay and a change in exposed area ⌬a, which is often considered dependent on the square of the membrane thickness d. The associated cost ␥⌬a generates a local curvature energy classically viewed as proportional to 1/R 2 (21) . Integrated over a vesicle area 4R 2 , however, the total curvature energy, F c ϰ ␥d 2 4R 2 ϫ 1/R 2 , is independent of R. From this perspective, vesicle size in a given solution thus depends less on thermodynamics and more on nonequilibrium aspects of the formation process.
In addition to the classical curvature energy above, vesicle bilayers as well as multilamellar vesicles embedded one within the other like an onion can also have a strain energy, analogous to that in a bimetallic strip held flat while heated. The lateral strain that arises from a mismatched number of molecules in one leaflet or layer relative to the other(s) leads to an area difference elasticity (22) . "Flip-flop" of amphiphiles from one monolayer leaflet to another relaxes the strain. In cells the process is catalyzed by specific proteins called "flipases" (23) , which underscore the cost of transferring the hydrophilic part of an amphiphile through a membrane's hydrophobic core. However, because synthetic polymers are polydisperse in MW, a small fraction of less hydrophilic chains are more prone to flip-flop. In addition, provided one is not strictly focused on pure aqueous systems, cosolvents can also be used to swell and fluidize the membrane core, helping to minimize the cost of transfer between leaflets.
Vesicles from Large Block Copolymers: Solvent Effects and Flip-flop Stabilization
Illustrative of the challenges surmounted with select copolymer systems, vesicles can be formed from diblocks in which the hydrophobic segment not only has a high glass transition temperature (e.g., polystyrene, PS), and the hydrophilic segment is ionic [e.g., poly-(acrylic acid), PAA], but the overall copolymer molecular weight (i.e., MW Ͼ Ͼ 10 kD) is also considerably higher than that of lipids (17) . For the representative system PS 310 -PAA 52 (Fig. 1A, b) , vesicle preparation needs to be carried out indirectly-that is, by first dissolving the diblock in a solvent suited to both blocks (dioxane) and then adding water as a precipitant. The water drives PS aggregation and increasingly establishes an interfacial tension. Solvent changes also tend to alter the preferred polymer geometry and lead to a morphological evolution from spheres to rods to vesicles as water is added ( Fig. 2A) (24 ) .
Within the relatively expansive vesicle phase, as more water is added, the hydrophobic (PS) block increasingly avoids hydration and ␥ goes up, tending to straighten the interface and increase R. Single-walled or unilamellar vesicles thus undergo a reversible change in size from R ϳ 45 to 100 nm as water content is changed from 25 to 70% (Fig. 2B) . However, the wall thickness d appears to stay nearly constant and implies an increase in the mass of any given vesicle.
Preferential swelling and fluidization of the membrane by the organic solvents (25) as well as vesicle ripening processes predicated on copolymer solubility (C CMC ) might all contribute to vesicle growth, but fusion and fission are also apparent in images of quenched systems (Fig. 2C ). From these, the fusion process seems very fluid in the sense that lateral rearrangements of molecules must be occurring to generate predominantly spherical shapes (Fig. 2B) . Indeed, contact and adhesion of vesicles would appear to be followed by coalescence and formation of a central, connecting wall. Destabilization of the wall leads to its asymmetric detachment and retraction with final formation of a uniform outer wall. The reverse (fission) process starts with elongation of the vesicle, formation of an internal waist, narrowing of the external waist, and final complete separation. The resemblance to biological processes involving cell membranes is obvious. Vesicle fusion and fission kinetics have been followed by turbidity changes after jumps in water content and are found to have relaxation times as fast as seconds (26) , which clearly implies a high wall fluidity.
Consistent with fluidized walls, molecular flip-flop associated with polymer polydispersity (in both MW and f ) also appears to enter into both curvature stabilization and relaxation. Short chains will tend to segregate to the inside of a vesicle, whereas long chains will stay on the outside (27) . The resulting segregation of corona chains induces different repulsion strengths (steric and/or electrostatic) on the two sides of the bilayer, tending to thermodynamically stabilize a unique value of R. Segregation has proven to be reversible and most pronounced for small vesicles (28) , consistent with the expected curvature dependence in an area-difference elasticity mechanism (22) . Two different types of polymer chains can also be localized on the inside and the outside of the vesicles if the corona blocks are of sufficiently different lengths, as shown with PS-PAA and related diblocks (29). Thus, if suitable fluidizing solvents are used, large block copolymers are able to equilibrate as a result of relatively high fluidity at both the molecular level (flip-flop) and the whole-vesicle level (i.e., fusion and fission).
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Polymersomes from Block Copolymers in Aqueous Solutions
Extending many years of experience in the manufacture and characterization of liposomes, diblock copolymer vesicles have also been made and studied in strictly aqueous solutions. Unlike the precipitated shells above, which clearly illustrate aggregate assembly but otherwise use highly asymmetric diblocks (f hydrophilic Ͻ 20%) and have many uncharacterized properties (e.g., solvent distribution or stability in purely aqueous solution), the vesicles reviewed below have so far involved the use of shorter and/or less glassy copolymers. Nonetheless, MWs are still far greater than those of lipids. Maintaining the stability of potential encapsulants or surface modifiers such as folded proteins is one important practical motivation, as discussed below.
The dipeptide construct PS 40 -poly (isocyano-L-alanine-L-alanine) m (Fig. 1A, c) is an early example of a diblock that assembles directly under solvent-free aqueous conditions (30) . It is semisynthetic in the sense that it contains naturally occurring peptide moieties-a design expanded upon in recent years. Under mildly acidic conditions and for m ϭ 10 (but not m ϭ 20 or 30), collapsed vesicular shells tens to hundreds of nm in diameter were observed coexisting with rodlike filaments and chiral superhelices (recall the coexistence region in Fig. 2A) .
With the use of fully synthetic diblock copolymers of PEO m -PBD n (PBD, polybutadiene) (Fig. 1A, d ) and the hydrogenated homolog PEO-polyethylethylene (PEO m -PEE n ), more monomorphic, unilamellar vesicles referred to as "polymersomes" have been made under a variety of aqueous conditions (31) (32) (33) (34) (35) (36) (37) (38) . Figure 3A shows how addition of water to a lamellar (15) film, micrometers thick, generates polymersomes. Initial quantitative studies of small solute (e.g., doxorubicin) and protein encapsulation (36) during hydration indicate efficiencies comparable to liposomes and suggest the potential for novel polymer-based controlled-release vesicle systems. On the basis of the examples above (and more below), one unifying rule for polymersomes in water is a phospholipid-like ratio of hydrophilic to total mass: f hydrophilic Ϸ 35% Ϯ 10% (35) . A cylindrically shaped molecule that is asymmetric with f hydrophilic Ͻ 50% presumably reflects the ability of hydration to balance a disproportionately large hydrophobic fraction. Molecules with f hydrophilic Ͼ 45% can be expected to form micelles, whereas molecules with f hydrophilic Ͻ 25% can be expected to form inverted microstructures. Sensitivities of these rules to chain chemistry and MW have not been fully probed, but copolymers following these rules and yielding polymersomes have thus far had MWs ranging from ϳ2700 to 20,000 g/mol. Moreover, cryogenic transmission electron microscopy (cryo-TEM) of 100-to 200-nm vesicles shows that membrane cores increase with MW from d Ϸ 8 to 21 nm (35, 37, 38) . Lipid membranes have a far more limited range of d Ϸ 3 to 5 nm, which is clearly compatible with the many integral membrane proteins in cells. Polymersome membranes thus present a novel opportunity to study membrane properties as a function of d (or MW).
MW-Dependent Properties of Polymersomes
Retention of encapsulants (e.g., dextrans, sucrose, physiological saline) over periods of months has been observed with ϳ100-nm polymersomes prepared by liposome-type extrusion techniques (32, 33) as well as with ϳ10-m giant vesicles (Fig. 3A) . The latter allow detailed characterization by single vesicle micromanipulation methods (21, 39) (Fig. 3B) . Lateral diffusivity (36) as well as apparent membrane viscosity (35, 38) indicate that membrane fluidity (distinct from flip-flop) decreases with increasing MW. Moreover, the decreases are most drastic when the chains are long enough to entangle. Area elasticity measurements of ␥ (ϳ25 mN/m) appear independent of MW and indicate that opposition to interface dilation is dictated by polymer chemistry and solvent alone. Electromechanical stability increases with membrane thickness up to a limit reflective of ␥ (35, 37, 38) . Phospholipid membranes rupture well below such a limit simply because their small d makes them more susceptible to fluctuations and defects. To exceed this interfacial limit of any selfassembly, one must introduce additional interactions such as covalent crosslinking within the membranes (40 -42) -an idea long recognized (3) but only rarely realized even with small liposomes (4) . Permeation of water through the polymersome membranes has begun to be measured (31) and shows, in comparison to phospholipid membranes, a considerably reduced transport rate. This is consistent with early measurements on liposomes by Bangham on a relatively narrow MW-series of lipids (5). What appears most suggestive from the studies to date is that biomembranes are optimized less for stability than for fluidity. In this context, cholesterol is an intriguing component of cell membranes because it both toughens and fluidizes (1) .
Several triblock copolymers also appear to fall within the class of polymersome-formers, and differences in membrane properties offer important insights. At least one commercial triblock known as a "pluronic" with a relatively large poly( propyleneoxide) mid- 52 in dioxane plus water; the full ternary phase diagram with separate water, dioxane, and copolymer axes looks similar (24) . The colored regions between sphere and rod phases and between rod and vesicle phases correspond to coexistence regions. (B) Reversibility of the vesicle formation and growth process for PS 300 -PAA 44 (28) , presumably based in part on fusion and fission processes illustrated in (C).
block (PEO 5 -PPO 68 -PEO 5 ) yields small vesicles in water with relatively thin membranes of d ϭ 3 to 5 nm and stability of only hours (43) . Such results likely reflect the weakly hydrophobic midblock PPO and the interfacial localization of the midblock's oxygens. Indeed, factoring the oxygen into an effective hydrophilic fraction shows that this vesicleforming superamphiphile has an f hydrophilic in the same range as lipids. Another vesicleforming triblock with a lipid-like f hydrophilic (ϳ40%) consists of a hydrophobic midblock of poly(dimethylsiloxane) (PDMS) and two water-soluble blocks of poly (2-methyloxazoline) (PMOXA) terminating in crosslinkable methacrylate groups (41, 42) . The polydispersity in MW of this copolymer is notably broad (41, 42) and implies that polydispersity is not a severe limitation to vesicle formation. A first example of a vesicle-forming pentablock composed of PEO and a polysilane (44) is also intriguing, although the electron microscopy is thus far suggestive of incomplete, collapsed shells.
Increased functionality of self-assembling block copolymers is a desired feature of emerging polymersome systems. These include suitably proportioned copolymers of PEOpoly(propylenesulfide) (PEO-PPS) whose PPS blocks are susceptible, in principle, to oxidative degradation (45) . Kilodalton-size large block copolymers of PEOpolylactide (PEO-PLA) are known to make micelles (46) and are of great interest because PLA is susceptible to hydrolytic biodegradation, as widely exploited in the field of controlled drug release [(e.g., (47) ]. Hence, biodegradable vesicles for controlled release of encapsulants seem achievable, and preliminary results indicate that this is indeed feasible if f hydrophilic is lipid-like (48).
Vesicles in Industry
Vesicle development has perhaps been most prominent in the cosmetics and pharmaceutical industries, with progress in the latter predicated on years of phased testing and governmental approval. Nonetheless, both stealth and conventional liposomes loaded with anticancer agents have overcome cost, scale-up, sterility, and stability hurdles, and have also demonstrated clinical efficacy (2). For topical or cosmetic application, novasomes are perhaps the latest multilamellar incarnation of the earlier synthetic niosomes and are reported to have the processability of many simple emulsifications (49) . The polymer processing and materials revolution of the 20th century might likewise extend to vesicle encapsulators of the future.
Additional Polymer Interactions and Other Hollow Shells
Most liposomes are composed of charged, typically zwitterionic amphiphiles such as phosphatidylcholines, which probably add a countercharge-pairing interaction to the interfacial tension, ␥. Vesicles made from charge-compensated surfactants such as pH-tuned fatty acids (50) or cationic plus anionic surfactants (10) appear exceptional in depending very heavily on electrostatics. However, the vesicle phase for these systems may not be so large a region in a suitable phase diagram (e.g., Fig. 2A with both ionic strength and pH axes added). Diblocks of poly(ethylethylene)-poly(styrene-sulfonic acid) (PEE-PSSH) are prime candidates to study polyelectrolyte affects (51), but many additional charged block copolymers and mixtures are conceivable. (53) uses rigid ring monomers of phenylquinoline (PQ) to make a rod-coil copolymer with PS (specifically, PS 300 -PPQ 50 ), which gives collapsed monolayer shells (rather than the bilayer or interdigitated membranes of Fig. 1A ) when precipitated out of solvent. One feature of interest with this system is a novel photoluminescent coupling in the PPQ that arises in an aggregatespecific manner. More generally, however, this diblock suggests the vesicle-forming potential of stiff, rod-like chains, although one difficulty that might be anticipated with long, stiff hydrophobic blocks is the inability of a membrane sheet to bend and seal its edges for all but the largest, giant vesicles.
Interfacing with Biological Structures and Functions
In a somewhat surprising result, integral membrane proteins 3 to 5 nm high have been compatibly inserted into PDMS-PMOXA membranes (d Ϸ 10 nm) (54 ) . At least two features of polymer membranes facilitate protein miscibility (55): (i) Polymer chains can be compressed considerably, and (ii) polydispersity allows small chains to segregate around a membrane protein. Inserted channel proteins can also effectively dock with viruses and facilitate transfer-loading of viral DNA into the polymer vesicle (Fig. 4A) (56 ) . DNA delivery would, of course, seem important to explore if release mechanisms can be incorporated. From a fundamental perspective as well, the broadened osmotic and rupture characteristics of polymer vesicles might be used to confirm emerging estimates of internal pressures exerted by encapsulated DNA.
Extending their work on dipeptide-containing block copolymers (30) , Nolte and coworkers have covalently attached a PS 40 chain to an enzymatically active water-soluble protein of MW ϭ 40 kD (f hydrophilic ϳ 50%) (Fig. 4B) . In solution, the conjugate generated worm-like micelles (57) . Longer chains of PS 60 -80 might be required to obtain vesicles or sheets, but, the general idea is clearly to have multienzyme scaffolds in which en- (32, 33) . Aqueous solutions can vary from phosphate-buffered saline to 1 M sucrose or distilled water. (B) Schematic of membrane properties versus amphiphile molecular weight based on single vesicle measurements; n.a. denotes nonaggregating systems. Liposomes and related vesicles are generally made with amphiphiles with MW less than 1 kD; polymersomes can be made in aqueous solution with larger amphiphiles. Difficulties at high MW might be attributed to a rapid decrease in fluidity associated with entangling chains (35) (36) (37) (38) . At least for strongly segregating diblocks, the membrane thickness increases with MW and makes polymersomes decreasingly permeable. Stability by a number of measures also increases, but only up to a limit set by the interfacial tension that drives membrane formation.
zyme A passes its product to adjacent enzyme B and so on, cooperating in a localized metabolic chain. Photosynthesis and polypeptide extension by ribosomes are just two among many biological reactions that exploit enzymatic proximity. A synthetic cell that senses and enzymatically acts on its environment, like a biomembrane's glycocalyx does (1), might also be developed around these biohybrid superamphiphiles.
In a more complex biological milieu, polymersomes are also showing initial promise. Injection of ϳ100-nm PEO-PEE polymersomes (32, 33) into the blood circulation of rats yields results (Fig. 4C ) similar to those for stealth liposomes, which circulate for ϳ15 to 20 hours and end up being engulfed by phagocytic cells of the liver and spleen (2) . Parallel test tube studies involving timed preincubations in cell-free blood plasma (Fig. 4C , inset) help to elucidate the delayed, liposome-like clearance mechanism whereby plasma protein slowly accumulates on the polymersome membrane (19) and eventually mediates cell attachment. The PEO brush provides an effective delay to this process and thus acts somewhat like a biomembrane glycocalyx (1). Such results highlight the biomedical promise of polymersomes.
Lessons Learned
With the increasing exploration and development of polymer vesicle systems, one underlying goal is to expand on and clarify the properties of natural cell systems that have evolved over eons. It is already clear that many biological membrane processes can be faithfully mimicked by synthetic polymer vesicles (e.g., protein integration, fusion, DNA encapsulation, compatibility). It also appears clear that biomembranes are not optimized for either stability or equilibrium; they do not need to be, because they encapsulate ample machinery to maintain a dynamic, animated state. Perhaps the most useful concept to mimic and extend with block copolymers is the amphiphilicity template provided by lipids. In light of the material versatility of polymers in terms of their molecular weight, polydispersity, reactivity, and synthetic diversity, a strictly polymer approach to vesicles would seem to offer many possibilities. (32, 33, 61) . The exponential decay in circulating polymersomes in a rat model indicates a circulation half-life comparable to times found for stealth liposomes (2) . The inset below the curve is a cryo-TEM image of ϳ100 nm (scale bar) polymersomes. The two optical micrographs at right show giant polymersomes, P, placed in contact with a phagocytic neutrophil, N, by a micropipette (of diameter 5 m). R denotes a red blood cell. The vesicles were preincubated in plasma for the indicated times, and only after tens of hours were the polymersomes engulfed by the phagocytic neutrophils.
